Abstract. When populations are synchronized, they rise and fall together. Analysis of population synchrony and its relationship to distance has played a major role in population ecology but has been absent from most studies of managed populations, such as agricultural arthropods. The extent to which populations at different locations are synchronized reflects the relative roles of shared environmental impacts, such as weather, and localizing processes, such as dispersal. The strength and pattern of synchrony, and the processes generating synchrony, have direct management implications. For the first time, we bring together two major paths of population-ecology research: spatial synchrony of population dynamics, which has been studied across birds, mammals, and insects, and spatial ecology of agricultural arthropod populations. We compare and contrast synchrony of two arthropod species, a spider mite and a leafhopper, across a vineyard region spanning 30-km distances, at withinyear (weekly) and between-year time scales. Despite the enormous scope of agriculture, such long-term, large-scale data sets suitable for investigating local and regional dynamics are rare. For both species, synchrony is more strongly localized for annual peak abundance across 11 years than it typically is for weekly dynamics within each year's growing season. This suggests that between-year processes such as overwintering merit greater investigation. Within each year, both localized and region-wide synchrony was found for both species, but leafhoppers showed stronger localization than spider mites, corresponding to their longer generation time and stronger dispersal ability. This demonstrates that the overall herbivore dynamics of the system occur at multiple spatial scales and that the importance of different processes generating synchrony varies by species. The analysis includes new spatiotemporal randomization and bootstrap tests that can be applied to many systems. Our results highlight the value of large-scale, long-term monitoring programs for many kinds of managed populations. They also point toward the potential to test synchrony mechanisms more directly and to synthesize synchrony and landscape analyses.
INTRODUCTION
Dispersal and spatial heterogeneity in habitat quality, species interactions, and environmental stochasticity can generate spatial patterns in the way populations change through time. Understanding these roles of space in population dynamics can be important for predicting future population distributions and for evaluating hypotheses about population processes. Research on many populations has included spatial-synchrony analysis as a fundamental tool for understanding spatiotemporal dynamics (Bjørnstad et al. 1999a , Ranta et al. 2006 . These include studies of synchrony in mammals (Moran 1953 , Bjørnstad et al. 1999b , Ims and Andreassen 2000 , birds (Paradis et al. 2000 , Koenig 2001 , and insects (Pollard 1991, Hanski and Woiwod 1993) , primarily over large (;100-1000 km) scales but also over smaller scales (Paradis et al. 2000 , Jones et al. 2007 ). For arthropod populations in agricultural systems, while the importance of spatial processes is well recognized and has been studied in a variety of ways (Huffaker 1958 , Walde 1991 , Bianchi et al. 2006 , patterns of spatial synchrony have not been thoroughly investigated. In this paper we present the first extensive analysis of spatial synchrony of arthropod herbivores in an agricultural system and do so at two time scales, within-year and between-year, for two species expected to have contrasting spatial characteristics.
Populations at two locations are synchronized when they rise and fall together. The strength of synchrony is usually measured as the correlation between time series of log-abundances . Among many populations (or locations) the strength of synchrony typically declines as the distance between populations increases. This synchrony-distance relationship is often estimated nonparametrically as a smoothing spline between correlation and distance (Bjørnstad and Falck 2001) . However, estimation of confidence intervals of the synchrony-distance relationship and of significance levels for hypothesis tests is challenging for synchrony data (Buonaccorsi et al. 2001 , Lillega˚rd et al. 2005 . We extend the spatial bootstrap method of Bjørnstad and Falck (2001) to better incorporate temporal variation of population dynamics into estimation of confidence intervals. We also use temporal and spatial randomization tests for the null hypotheses of no synchrony and no relationship between synchrony and distance, respectively.
Synchrony is generally viewed as arising from some combination of three factors: shared environmental forcing (the Moran effect), movement, and spatial patterns in species interactions such as predation (Haydon and Steen 1997 , Abbott 2007 , Jones et al. 2007 ). None of these factors has a simple relationship with the resulting patterns of synchrony. For example, patterns generated by movement can change with the frequency of dispersal (Bjørnstad and Bolker 2000) . Dispersal can also generate synchrony over much longer distances than the actual scale of dispersal, depending on the rate of dispersal and the strength of density regulation (Lande et al. 1999) . These relationships between pattern and process can be further complicated by interactions between factors. Synchrony can be stronger in cycling populations than non-cycling populations (Ranta et al. 1998 ), but stronger density dependence or spatial variation in habitat quality can weaken the Moran effect . Dispersal and environmental forcing can weaken each other's effect on synchrony (Kendall et al. 2000) . When multiple environmental factors or forms of density regulation are considered, associating synchrony with a particular factor would be difficult (Abbott 2007) .
Notwithstanding the difficulty of relating synchrony patterns to processes, several important questions and hypotheses can be addressed from synchrony patterns in our system. Our data consist of weekly abundance estimates of herbivorous spider mites and leafhoppers for ;15 weeks of the grape-growing season at ;50 vineyards spanning about 30 km for 11 years. Despite the enormous scale of agriculture in California and the world, systematically collected and spatiotemporally extensive arthropod data are rare. The few studies of synchrony in agricultural systems address limited scales (Rossi and Fowler 2003) or study static spatial covariances of abundance at each of several times (Tobin and Bjørnstad 2003, Fievet et al. 2007 ). We define within-year synchrony as the correlation of weekly counts between vineyards from a given year. We define between-year synchrony as the correlation of the maximum abundances from each year between vineyards. Thus we have within-year synchrony patterns for each of 11 years and one between-year synchrony pattern.
First, we characterize the strength and statistical significance of synchrony both within-years and between years, at both near and far distances, for each species. We predicted at least some regional synchrony within years for both species due to vineyard phenology because the budbreak-to-harvest cycle of the growing season is similar across the region. For leafhoppers, synchrony could also arise because their generation time is longer than the sampling interval. We also predicted significant between-year synchrony. Occurrence of between-year synchrony would mean that a highabundance year in one vineyard is associated with high-abundance years in other vineyards, where ''highabundance'' is relative to other years for each vineyard. Growers are typically aware that there are such ''highmite years'' or ''high-leafhopper years.'' Since finding some within-year and between-year synchrony would not be surprising, our emphasis is more on the strength and variation in synchrony patterns. The overall pattern of correlation (synchrony) with distance indicates the degree to which spatial data have the potential to improve predictions of pest populations relative to predictions from only one location's data.
Second, we investigate whether within-year or between-year synchrony decreases with distance for each species at each time scale. In general in studies of synchrony, decrease of synchrony with distance could be due to dispersal, shared environmental forcing that itself has decreasing correlation with distance, or variation in habitat quality or predators. In our system it is likely that weather patterns and phenology are tightly correlated over 30-km distances, so we attribute any decrease of synchrony with distance to other processes. We refer to the latter as ''localizing processes'' because a decrease of synchrony with distance means that population dynamics patterns are localized, or more strongly correlated among closer locations.
For within-year synchrony, the most obvious localizing processes are dispersal and spatially heterogeneous predation. We predicted that both species would show decreases of synchrony with distance, and that for leafhoppers the decrease would be greater than for mites due to leafhoppers' stronger dispersal ability. For both species, the alternative that synchrony is constant over short and long distances is also plausible. This could occur if the effects of shared phenology and weather are stronger than the effects of dispersal and predation. For between-year synchrony, expectations of the pattern with distance were less clear. Localizing processes could include spatial heterogeneity in overwintering success and dispersal early in a new growing season. Overwintering conditions of an important parasitoid of leafhoppers have been considered as important for leafhopper regulation (Corbett and Rosenheim 1996) , suggesting that between-year synchrony may be generated by dynamics of interacting species. Overall, we had no a priori expectation of decrease of between-year synchrony with distance.
Third, we asked whether the strength of within-year synchrony was related to overall population density in each year. This could occur if high-density years are associated with high levels of dispersal or particular shared climate patterns, for example, and we had no a priori prediction.
Fourth, we asked whether chemical treatments (pesticides) significantly decrease synchrony patterns. We compared synchrony in the complete data to synchrony when all counts following chemical treatment for mites or leafhoppers were excluded. This was interesting both in terms of how local treatment decisions affect regional dynamics and also as a check on the robustness of other conclusions to the presence of chemical treatments in these populations.
METHODS
The study took place from 1996 through 2006 in the region of Lodi, California, USA, which encompasses roughly the northern half of San Joaquin County and the southern half of Sacramento County, where the Sacramento and San Joaquin Valleys (together, the Central Valley) meet. It lies just east of the confluence of the Sacramento and San Joaquin Rivers that form the extensive San Francisco Bay-Delta region. The Lodi region experiences a marine influence because of its proximity to the Delta, which connects directly to the San Francisco Bay to the west. It is bounded on the east by the foothills of the Sierra Nevada mountains. The Lodi region has long been a major agricultural area. There are ;40 000 ha of winegrapes (Vitis vinifera) in the Lodi American Viticultural Area (AVA) producing 20% of the winegrapes in California.
Willamette mites (Eotetranychus willametti ) are a common polyphagous herbivore whose damage on grapevines is usually limited to yellowing of the leaves, with no leaf drop (Pritchard and Baker 1952, Flaherty and Huffaker 1970) . Willamette mites have rapid, 1-2 week generations. They perform ambulatory dispersal between leaves of a plant, and may disperse more widely on wind currents, as do the other web-spinning mites (Bell et al. 2005) . Western grape leafhoppers (Erythroneura elegantula) have a longer life cycle, developing from egg to adult in 3.5-5 weeks, depending on temperature, with typically three generations per growing season (Flaherty et al. 1992) . They feed on the cells of leaves, producing yellow or white stippling and excrement accumulation (Jensen and Flaherty 1981) . Adult leafhoppers are strong fliers.
E. willametti and E. elengatula were the two major arthropod pests of grape leaves in this region during the study period, and they were managed with pesticides on a regular basis. Another spider mite species, Tetranychus pacificus (Pacific spider mite), is also present in the system but E. willametti was the target of essentially all miticide applications. Vineyard managers in the Lodi region do not commonly manage herbivorous mites by releasing predatory mites due to lack of efficacy.
Each vineyard included in a year's survey locations was sampled weekly during the growing season from about two weeks after budbreak until harvest. Leafhopper samples consisted of counts of leafhoppers per leaf from 10 leaves collected in each of four quadrants of each vineyard. Leaves were selected haphazardly from the basal third of the canes during the first leafhopper generation because overwintering leafhopper adults lay eggs in the spring on these leaves and the nymphs do not move to the outer leaves until subsequent generations. Leaves were randomly selected from the basal half of the canes once the nymphs of the second leafhopper generation hatched from their eggs.
Sample leaves were also examined for the presence of spider mites. Willamette mites are active on leaves in the same parts of the vine canopy as are leafhoppers. If one or more mites on a leaf were observed the leaf was considered ''infested.'' Counts were expressed as percentage of leaves in the vineyard quadrant infested with mites. Counting mites is laborious, and Hanna et al. (1996) showed a strong correlation between mite counts per leaf and percentage infested leaves in vineyards.
To balance the benefits of large sample size with the need for consistency across years, vineyards with useable data from at least 8 of the 11 years were included. Data from a vineyard and year were considered useable if they included at least five valid surveys and at least three nonzero surveys. Typically there were 40-50 vineyards and about 15 weeks included for most years for each species. The goal of the data-selection procedure was to rule out some vineyards that were not monitored throughout the study period or lacked data from which meaningful correlations could be calculated in most years. It is conceivable that if many vineyards had naturally low population levels, then removing data with few non-zero values would bias our results, but we did not observe such clear patterns from the vineyard-inclusion criteria. For vineyards that were included in the study, even years with many zeros that satisfied the other criteria were included, allowing series with many zero or low counts to enter the analysis. Data from the four quadrants of each vineyard were averaged, so that between-vineyard distances, on the order of kilometers, represent the smallest scale for estimating synchrony. As in many statistical analyses, zeros in the data raise special questions, especially here when they are common in the early weeks of some years. To define the temporal extent of within-year data, we discarded the first and last sections of each year's data when they included fewer than 10 non-zero abundances.
SYNCHRONY ANALYSIS
Synchrony has been analyzed in terms of population abundances or changes in abundance ). We analyzed abundances because they are most relevant to our hypotheses and are of direct management interest.
Synchrony in abundance and its relationship to distance
We measure synchrony in abundance as the correlation of log(abundance þ 1) between the time series from any two vineyards. This would be of relevance in predicting population trends, for example. It is important to realize that abundances are on different scales for the two species (counts for leafhoppers and percentage of leaves infested for mites) and that sampling variation is expected to make the estimated correlations biased toward zero relative to the true correlations (Lande et al. 1999) . For example, if the correlation between actual abundances in two locations is 0.5, and we have only sampled those abundances, then the added variation due to the sampling procedure will make the expected correlation from the data less than 0.5. Assuming the bias is constant across all years and abundances, we expect the observed patterns to be valid for comparisons across years and distances. The bias does, however, make it difficult to compare absolute strength of synchrony between mites and leafhoppers because they are sampled differently and so may have different amounts of sampling variation. In the discussion we point toward a spatial state-space (hierarchical) model as a way to estimate synchrony patterns while incorporating all sources of variation explicitly, but that is beyond the scope of this paper. Other approaches for incorporating sampling variation into regression analysis are synthesized by Carroll et al. (2006) .
All vineyards were sampled weekly but not on the same days. For each correlation between a pair of vineyards, data collected within four days of each other in different vineyards were considered to represent the same time, with averaging in the rare event of ties (e.g., when vineyard A was sampled both four days before and after a sampling date for vineyard B).
Given the full collection of correlations between pairs of vineyards and distances between vineyards, the smoothed relationship between expected correlation and distance was calculated using nonparametric regression, modified from Bjørnstad and Falck (2001) . The estimate of correlation as a function of distance was a cubic smoothing spline with smoothness chosen by generalized cross validation (R package mgcv; Wood 2006) . While distances in the study region extended to 30 km, sample size was much higher for distances ,20 km, so this was used as the upper cutoff for estimating relationships between synchrony and distance.
In theory, with perfect sampling and fine spatial resolution, estimated synchrony would approach 1.0 as distance approaches 0. However, since the closest distances were between vineyards and there was substantial sampling variation, the y-intercept of synchrony vs. distance is not 1.0 but was instead an extrapolation of average synchrony at the nearest sampled distances.
Confidence intervals and hypothesis tests
Estimating statistical significance and confidence intervals of synchrony patterns is a difficult statistical problem because the correlations between a set of time series are not mutually independent (Bjørnstad and Falck 2001 , Buonaccorsi et al. 2001 , Lillega˚rd et al. 2005 . For example, the correlations between populations at vineyards A and B, A and C, and B and C are not independent. To address this we used two approaches: randomization tests and bootstrapping. The randomization tests evaluated the null hypotheses of no synchrony at all and of no relationship between synchrony and distance. These work by forcing each null hypothesis to be true in many data randomizations and so have the advantage of direct estimation of statistical significance even for a complicated estimation procedure. Their drawback is that they do not characterize uncertainty in the actual observed synchrony patterns; the bootstrap procedure attempts to do so.
For the randomization test of the null hypothesis of no synchrony at all, we simulated 1000 moving-block samples, with different temporal blocks for each vineyard. This method, motivated by the moving-block bootstrap for autocorrelated time series (Ku¨nsch 1989, Efron and Tibshirani 1993) , resamples contiguous series of four weeks at a time with replacement for each vineyard and places them in sequences of the same length as the original data. Therefore these randomized samples maintain as much of the structure of variation in the data as possible while still representing a null distribution (for no temporal synchrony) against which the actual data can be compared. In particular, using moving-block samples preserves some of the variation due to autocorrelation for each vineyard, which has been identified as important for statistical analysis of synchrony (Buonaccorsi et al. 2001) . While this must be viewed as a rough approach for such short time series, it has the merits of at least incorporating autocorrelation and being nonparametric. For the randomization test of the null hypothesis of no trend of synchrony with distance, we made 1000 null data sets by randomly reassigning locations among all vineyards (without replacement) with no temporal randomization.
To estimate confidence intervals in the relationship between correlation and distance, Bjørnstad and Falck (2001) proposed a spatial bootstrap method (resampling locations with replacement). This approach incorporates spatial sampling variability but omits variability in the temporal process and measurement error (Buonaccorsi et al. 2001 , Lillega˚rd et al. 2005 . Proposed remedies based on parametric time-series models were not appropriate for our data (Buonaccorsi et al. 2001) because the data were so variable and included seasonal patterns such that choice of a parametric model was not obvious and would have introduced a host of additional difficulties.
To address these challenges, we developed a new method that combines the Bjørnstad and Falck (2001) approach with the temporal moving-block bootstrap. We resampled both locations and temporal blocks with replacement, with the same temporal blocks used for all locations. As appropriate for a bootstrap method (as opposed to a randomization test, which must force the null to be true), this generated variation among bootstrap replicates while preserving relevant correlation structure among vineyards. For example, the sampling variability that entered the correlation between vineyards A and B also entered the correlation between vineyards B and C. By using the same temporal blocks for all locations, the nonindependence of correlations among all vineyard pairs was maintained. Among the imperfect choices available for estimating confidence intervals, this approach was model-free and did not omit an obviously important source of variability. It is likely to be liberal in confidence-interval size, corresponding to conservative (weak) estimates of statistical significance.
We considered the randomization tests to be the most reliable results due to the difficulty of properly bootstrapping in space and time for these data, but the latter were valuable for a graphical view of uncertainty and as a comparison to the randomization tests. For the bootstrap analyses, a subtle consideration was whether to use straightforward percentile intervals or inverted intervals, which each have advantages and disadvantages (Efron and Tibshirani 1993, Davison and Hinkley 1997) . The two approaches gave similar biological conclusions, and we present the inverted intervals, along with bootstrap estimates of bias, because they were slightly more in accord with the randomization test results. Calculation of bias-corrected and accelerated (BCa) intervals in this context would not have been straightforward.
Between-year synchrony
Between-year synchrony between any two vineyards was calculated as the correlation between the log annual maximum abundances. The maximum rather than the average was used because it was robust to how the beginning and end of the season were delineated for each year and it clearly reflected the overall abundance in a given vineyard in a given year. Similarly to the withinyear analyses, a temporal randomization test with randomized moving blocks for each vineyard was used for the null hypothesis of no synchrony; a spatial randomization test (with no temporal randomization) was used for the null hypothesis of no trend between synchrony and distance; and a combination of a spatial bootstrap and temporal moving block bootstrap was used to estimate liberal confidence intervals for the synchrony vs. distance pattern.
Relationships of synchrony to abundance and chemical treatments
To evaluate the effect of chemical treatments on within-year synchrony, a second analysis of within-year data was conducted after omitting all data from a vineyard following its earliest chemical treatment targeted at the specific herbivore. Omitting all data after treatments was appropriate for correlations of abundances because once a population had been knocked down by chemical treatment, it would not be predicted to recover a trajectory correlated with other vineyards. Detailed spray records were kept for every vineyard during the 11 years of the study, including amount of pesticides used as well as the date of the treatment. Miticides, such as Omite (propargite), were used if treatments were necessary for excessive mite populations, and Provado (imidacloprid) was used to treat excessive leafhopper populations. The difference in synchrony between data with and without spraying for each year was treated as an estimate of the role of spraying on synchrony in that year. The 11 such estimates were compared to the null hypothesis of no effect of spraying on synchrony using a Wilcoxon test.
To correlate synchrony with overall annual abundance, a metric was needed for the latter. We used the average across vineyards of the maximum abundance within each vineyard. Results are reported for the regression of local synchrony (distance ''0 km,'' i.e., the y-intercept of synchrony vs. distance) against average maximum abundance.
RESULTS
Mites and leafhoppers showed significant synchrony at the nearest distances in 8 of 11 and 11 of 11 years, respectively, based on the temporal randomization test (Figs. 1-3) . The more liberal bootstrap confidence intervals (conservative in significance) were statistically significant in 4 of 11 years for mites (with two additional years yielding marginal significance between 0.05 and 0.10) and 7 of 11 years for leafhoppers. Magnitudes of local correlation ranged from nearly 0 (2004) to about 80% (2000) for mites and from about 20% (2004) to 75% (2005) for leafhoppers ( Fig. 3 ; Appendix: Figs. A1 and A2). Across distances of 20 km, mites and leafhoppers showed significant synchrony in 8 of 11 and 10 of 11 years, respectively, based on the temporal randomization test, or 5 of 11 and 3 of 11 years, respectively, based on the bootstrap confidence intervals (Figs. 1-3) . Magnitudes of regional (20 km) correlation ranged from about 0% (2004, 2005) to 40-50% (2000) for mites and about 0% (2005) to 30% (1999) for leafhoppers ( Fig. 3 ; Appendix: Figs. A1 and A2) .
Decrease in synchrony with distance, measured from 0 to 20 km, was significant for mites in only 3 of 11 years and for leafhoppers in 9 of 11 years. Full results for two example years, 1996 and 1997, reveal typical patterns, with some non-significant bumps over distance due to sampling variation, but clearer patterns of decrease for leafhoppers than for mites ( Figs. 1 and 2) . Results for other years are summarized by their correlations at 0-and 20-km distances (Fig. 3) . Complete synchronyvs.-distance figures, including the raw correlation data points, are available in the online supplement (Appendix: Figs. A1 and A2 ). Estimated magnitudes of decrease (from 0 km to 20 km) ranged from about 0 (1996, 1998, 2002, 2004, 2006) For both mites and leafhoppers, between-year synchrony of annual maximum values was significant and decreased significantly with distance (Fig. 4) . For mites correlations were 0.36 at 0 km and 0.19 at 20 km. Correlation was significant at both distances by either approach (P ' 0 and 0, for 0 km and 20 km, respectively, for randomization test; P ¼ 0.043 and 0.019, respectively, for bootstrap). The decrease in correlation was also highly significant (P ¼ 0.017). For leafhoppers the decrease in correlation with distance was stronger, from 0.40 at 0 km to 0.00 at 20 km. The correlation at 0 km was significant (P ' 0 for randomization test; P ¼ 0.012 for bootstrap), as was the decrease with distance (P ' 0).
Within-year synchrony was not significantly stronger in years of greater or lesser abundance for either leafhoppers (P ¼ 0.96, R 2 ¼ 0.13) or mites (P ¼ 0.11, R 2 ¼ 0.19). For leafhoppers, there was no trend, while for mites there was a positive trend.
For within-year synchrony, removing post-chemical data for mites increased the near-distance correlations in 7 of 10 years with no change in 2 of 10 years and a decrease of 0.01 in 1 of 10 years, yielding an average increase of 0.05. This pattern was significant (P ¼ 0.02, Wilcoxon signed rank test; one year omitted due to limited data). For leafhoppers, removing post-chemical data led to increases of near-distance correlations in 7 of 11 years, no change in 1 of 11 years, and decreases in 3 of 11 years, yielding in an average increase of 0.05. However, this pattern was not statistically significant (Wilcoxon P . 0.10). Thus, pesticide treatments generated a small but significant decrease in synchrony for mites. Inspection of the complete synchrony-vs.-distance results (Appendix: Figs. A3 and A4) revealed FIG. 3 . Near (0 km) and far (20 km) synchrony for each species in each year. For each year, the left and right vertical bars represent near and far correlation, respectively. Each bar shows the nonparametric estimate of correlation at that distance (middle horizontal tick on each bar, connected by slanted lines), the liberal 90% bootstrap confidence interval (from lower to upper ends of the bar), and the bootstrap bias-corrected estimate (''x''). A plus (''þ'') below a vertical bar indicates that the correlation was statistically significant with P , 0.05 (one-sided) according to the temporal randomization test, which is more sensitive than the bootstrap confidence intervals. An asterisk (''*'') above a year at the top of the figure indicates a statistically significant decrease of correlation from near to far with P , 0.05. Numbers at the bottom of each figure summarize the number of vineyards and weeks included in each year's analysis .   FIG. 4 . Between-year synchrony vs. distance based on the maximum abundance in each year. Format is as in Fig. 1. that the patterns and hypothesis tests with post-chemical data removed were otherwise very similar to the full data and therefore did not affect conclusions about synchrony.
DISCUSSION
Our analysis revealed both expected and surprising results. As predicted, both species showed significant levels of local and region-wide synchrony within years. Also as predicted, leafhoppers showed a stronger decrease of synchrony with distance within years than did mites, both in terms of estimated magnitude and statistical significance. For mites, only three years showed significant within-year decreases with distance. Statistical power limitations could have led to falsely accepted null hypotheses for some years, but in several years there was not even a downward trend with distance. This suggests that localization of synchrony was either absent or quite weak for mites in some years.
The result that between-year synchrony patterns are clearly localized for both species points toward the importance of further research on factors that determine the spatial pattern of maximum abundance of an herbivore in each year. For both species, the decrease with distance of synchrony was stronger for betweenyear than for typical within-year synchrony. Localizing factors of between-year synchrony, such as overwintering processes or spatial variation in predator abundance, have received less research emphasis than within-season arthropod dynamics. Studies of between-year processes require logistically challenging and longer-term research efforts.
An important direction for future research is to explain year-to-year variation in the within-year pattern of synchrony. Our results showed no clear relationship between strength of synchrony and average maximum population abundance. For leafhoppers, there was no trend with magnitude, while for mites there was a nonsignificant trend suggesting that higher magnitude years may show higher synchrony. We have no reason to think this is a sampling artifact but cannot completely rule it out. We also found that chemical treatments are responsible for only minor decreases in synchrony.
Looking beyond our particular study system, our results lead to four more general points. First, synchrony analysis represents an approach to understanding spatial dynamics that can complement other approaches such as experiments and landscape analysis. Laboratory experiments of spatial dynamics with spider mites (Huffaker 1958 , Ellner et al. 2001 inspired much thinking about spatial processes in ecology that led to field experiments (e.g., Walde 1991 , Murdoch et al. 1996 , but in most systems we lack consistently collected spatiotemporal data. On the other hand, many spatial analyses have addressed the role of landscape composition and structure on herbivore, natural enemy, and pollinator densities. For example, Thies and Tscharntke (1999) found higher parasitism of a beetle herbivore of oilseed rape associated with higher non-crop area of the landscape. About three quarters of recently reviewed studies found higher natural-enemy populations associated with more complex landscapes (Bianchi et al. 2006) . Distance from natural habitat tends to impact natural pollination services (Ricketts et al. 2008) . Landscape analysis has also been used to understand between-crop dynamics of polyphagous herbivores (Carrie`re et al. 2006) . In principle, landscape ecology and synchrony analysis could be brought together, for example by studying the role of landscapes in synchrony patterns by mediating dispersal and natural-enemy spatial distributions. Doing so would require extensive monitoring programs designed for thorough spatial coverage.
Second, characterization of spatial synchrony in population dynamics can be an important goal for many kinds of long-term monitoring projects, including those for invasive species, endangered species, and other taxonomic groups in agricultural systems such as arthropod natural enemies and plant diseases. In all of these cases, management actions and scientific models require knowledge of both the spatial and temporal dynamics of a population or metapopulation. For example, there is a debate about whether field-by-field arthropod management is ineffective because of movement between fields, and therefore whether area-wide management would be more effective (Hendrichs et al. 2007 ). This debate ties to yet more roots of spatial ecology: the seminal metapopulation model of Levins (1969) was designed to evaluate the impacts of synchronous or asynchronous planting in agriculture on herbivore densities. Ives and Settle (1997) , using a spatial predator-prey model of Indonesian rice systems, argued that asynchronous planting, in contrast to government-organized synchronous planting, can suppress herbivores by maintaining predator populations and thereby reduce reliance on pesticides. This example illustrates the potentially non-obvious outcomes of spatial dynamics.
Third, there is a need for improved methods to estimate spatial synchrony and its statistical uncertainties. A fundamental difficulty is to estimate spatial correlations in a manner that accounts for variation due to sampling, which should in theory yield less-biased estimates. This is the problem addressed by state-space models for population dynamics. These are hierarchical models that can be analyzed in either Bayesian or classical frameworks (de Valpine 2003 , Buckland et al. 2007 , de Valpine and Rosenheim 2008 . There is potential for spatial state-space models (Dennis et al. 1998 , Royle et al. 2007 ) to be formally tied to estimation of population synchrony.
Fourth, there is a need for further work relating patterns to processes of spatial synchrony. Most theoretical models of how dispersal, the Moran effect, and local processes such as density regulation, preda-tion, and habitat variation generate synchrony use discrete population dynamics such as for a univoltine insect. Our data involved stage-structured dynamics with overlapping generations for which the general models are not tightly applicable. Therefore the range of theoretical models used to predict synchrony patterns in different systems could be expanded. Empirically, a promising direction for disentangling factors that generate synchrony is to combine large-scale monitoring data with contemporaneous field experiments or more detailed demographic studies (Ims and Andreassen 2000 , Johnson et al. 2004 , Ranta et al. 2006 .
